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Guidelines for Designing BJT Amplifiers with
Low 1/f AM and PM Noise

Eva S. Ferre-Pikal, Fred L. Walls, Senior Member, IEEE, and Craig W. Nelson

Abstract—In this paper we discuss guidelines for design-
ing linear bipolar junction transistor amplifiers with low 1/f
amplitude modulation (AM) and phase modulation (PM)
noise. These guidelines are derived from a new theory that
relates AM and PM noise to transconductance fluctuations,
junction capacitance fluctuations, and circuit architecture.
We analyze the noise equations of each process for a com-
mon emitter (CE) amplifier and use the results to suggest
amplifier designs that minimize the 1/f noise while provid-
ing other required attributes such as high gain. Although
we use a CE amplifier as an example, the procedure applies
to other configurations as well. Experimental noise results
for several amplifier configurations are presented.

I. INTRODUCTION

N THIS PAPER we discuss the design criteria for low
Il /f amplitude modulation (AM) and phase modulation
(PM) noise in linear bipolar junction transistor (BJT) am-
plifiers using the theory discussed in [1]. This theory re-
lates AM and PM noise to current fluctuations, voltage
fluctuations, impedance fluctuations, and circuit architec-
ture. We analyze the noise equations of each process for
a common emitter (CE) amplifier and use the results to
suggest amplifier designs that minimize the 1/f noise while
providing other required attributes such as high gain. Al-
though this is done specifically for a CE amplifier, the same
procedure can be applied to any amplifier configuration.
Guidelines for the design of low 1/f noise CE amplifiers are
discussed in detail. We show low 1/f noise results for high
gain CE amplifiers at carrier frequencies of 5 MHz and 100
MHz. Experimental results for other configurations (com-
mon base [CB], common collector [CC]) are also presented.

I1. NOISE EQUATIONS

As derived in [1], for an amplifier with voltage gain =
Gyel? (where Gy is the magnitude and § is the phase
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Fig. 1. Hybrid © model of CE amplifier.

shift), the AM noise is given by:

1 1[AGV(i,V,y,f)]2 1 kTFG
2 Bw *

é‘Sa(f) =5 GV W 2P0 3 (1)

and the PM noise by:

1 AS8%(i, V, v, f) | kTFG

1
35(f) = 5% 5, 2)

In the first term of (1), AGy (%, V,v, f) refers to the fluc-
tuations in the voltage gain due to current noise, voltage
noise, and impedance fluctuations, and BW is the band-
width of the measurement. AGy (¢, V, v, f), which depends
on dc current, dc voltage, circuit parameters, carrier fre-
quency, and Fourier frequency, is the result of baseband
1/f noise up-converted to the carrier frequency. Similarly,
Ad(i, V,v, f) in (2) refers to the fluctuations in the phase
shift of the amplifier due to current noise, voltage noise,
and impedance fluctuations, and is also a function of dc
current, dc voltages, circuit parameters, carrier frequency,
and Fourier frequency. The second term in (1) and (2) is
the thermal noise of the amplifier. In this term, k is Boltz-
mann’s constant, T is the temperature in kelvin, F is the
noise figure, G is the power gain of the amplifier, and P, is
the output power of the amplifier. Applying (1) and (2) to
the CE amplifier shown in Fig. 1 yields the noise equations:
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where 1, = Rg|Reras + ™o, B = RpRpias/(Rs +

Rpias),y = Alg/Ig, § is the phase shift across the ampli-

fier, and Gy = —_FRL. For details on the derivation
re+Re+ry /0

of (3) and (4) see [1].

ITI. DESIGN GUIDELINES

From the noise equations we can develop guidelines for
designing low 1/f AM and PM noise BJT amplifiers. In
general, the effect of current fluctuations on AM noise can
be reduced by increasing the standing current. For PM
noise, the guidelines depend on the dominant poles of the
phase equation. Therefore, it is difficult to come up with a
unique set of rules for low 1/f PM noise design. The general
rule that always applies is to design for the largest possi-
ble bandwidth (i.e., maximize frequency of the dominant
poles). For this reason we have chosen a specific config-
uration, a CE amplifier, to develop guidelines for low 1/f
AM and PM noise design. The same procedure for deriving
guidelines can be applied to any amplifier configuration.

Equation (3) shows that an unbypassed emitter resis-
tance decreases the contribution from current noise and
input impedance noise (first two terms) to 1/f AM noise.
Similarly, all the terms in the PM noise equation have a
factor G, suggesting that an increase in the unbypassed
emitter resistance (gain reduction) will result in a reduc-
tion of PM noise in the amplifier. This agrees with exper-
imental data showing that an increase in the unbypassed
emitter resistance does reduce the PM noise [2], [3]. The
problem with this approach is that as the AM and PM
noise decreases, the gain also decreases. Using the noise
equations one can derive guidelines for the design of low
1/f noise amplifiers without having to sacrifice the gain.
These guidelines are listed below.
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A. Large de Current

The contribution of the current noise in both the AM
and PM noise can be reduced by increasing the dc current
through the transistor. For example, let us assume that
the current noise term dominates the AM noise; that is

2 4

As I, increases, 7o (oc I,') decreases, and so does the term
inside the bracket in (5) for a specific unbypassed emitter
resistance. The smaller r,, the more effective is the unby-
passed emitter resistor in reducing the AM and PM noise
due to current fluctuations. It is also worth mentioning
that v(Alg/Ig) is not necessarily a constant, but depends
on the noise process from which it originates, and can be
a function of operating point and transistor type.

B. Servo to Reduce Current Noise

For amplifiers in which the current noise is a problem
(even for large Tg) a servo loop can be used to reduce the
dc current noise [4]. For the most part, the transistors used
in our circuits had very low current noise; thus transcon-
ductance fluctuations did not limit the AM (or PM flicker
noise). Other transistors might have larger current noise,
and the addition of a servo to reduce the current noise
could be needed to achieve low levels of AM and PM flicker
noise.

C. Transistors with Low Input and
Output Capacitances

As mentioned in [1], flicker PM noise is caused by fluc-
tuations in the phase shift of the amplifier. In general,
these fluctuations are proportional to the input and out-
put capacitances of the transistor, so it is to be expected
that transistors with small capacitances (high fr) result
in better PM noise. This might not be true for all cases,
since the PM noise depends on other factors such as cur-
rent noise and impedance fluctuations. If the current noise
in high fr transistors is large this might turn out to be
a problem for both AM and PM noise. It is therefore im-
portant to know the current noise level of the transistor to

be used, in addition to the input and output capacitances
and the fr.

D. Large Collector-Base Voltage

The dominant term in the PM noise equation (for a
CE amplifier) is the collector-base capacitance fluctuations
term. The collector-base capacitance is a junction capaci-
tance which depends on the dc voltage at the collector-base
terminals (V). This capacitance has the form

K

Ch oo e
7 Vi + Vop)™

01<n<4, (6)
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where V;; is the built in potential of the p-n junction, K is
a constant that includes the permittivity of the semicon-
ductor and the doping concentration, and n is a parame-
ter that depends on the doping profile of the junction [5].
Equation (6) shows that fluctuations in Vg will result in
fluctuations of the collector-base capacitance. The sensi-
tivity of PM noise to Vg fluctuations is obtained from

(7)

( By >2_( nwGory K )2
OVer) — \ (Vi +Veop)t!

Equation (7) demonstrates that higher Vop results in
smaller sensitivity of PM noise to collector-base voltage
fluctuations (Cy, fluctuations).

E. Filters to Reduce Voltage Noise
at Transistor Terminals

In many cases fluctuations at the transistor terminals
are the result of noise in the power supply. While a large
collector-base voltage (Vo) will reduce the effect of these
fluctuations in the PM noise, it is also useful to have some
kind of filtering of the power supply noise to reduce the
effective collector-base voltage noise.

F. Small dc Gain

In addition the amplifier should be designed to have a
small dc gain. The reason is that the fluctuations at the
base terminal show up at the collector amplified by the
dc gain; therefore, a small dc gain will help minimize the
effect of AC}. in the PM noise.

G. Small Source Impedance

From [1], the phase shift of a CE amplifier (when ne-
glecting Cye) is given by:

B wCheRr(re + RE + Tg)

)
re+ Rp+1ry/0

; (8)

where ry = Rg||Rpias + 7. For a high gain CE amplifier
with 7, > 7. + Rg, the phase shift is proportional to r.
The use of sources with small impedance will help reduce
the phase shift and thus the PM noise performance. Both
the ACy. term and the v(Alg/Ig) term are proportional
to ry, and a reduction in Rg will reduce both these terms.

H. Noise in Other Components Used
(Resistors, Capacitors, Inductors)

The flicker noise in resistive, capacitive, and inductive
components that make up the rest of the amplifier can
also result in PM and AM noise if their levels are high.
Several terms in the AM and PM noise equations are the
result of impedance fluctuations. By carefully choosing low
noise components these terms can be reduced considerably.
Inductive components, which might be very convenient to
use since they provide large impedances without the power
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Fig. 2. PM noise measurement system for amplifiers.

dissipation of resistors, have flicker noise that depend on
the type of core used. To prevent noisy inductors use air
cores whenever possible.

As mentioned earlier, some of these guidelines might not
apply to other configurations. In general, a large standing
current helps reduce AM noise due to current fluctuations,
but in some cases, this might jeopardize the PM noise. For
example, in cases in which the base-emitter diffusion ca-
pacitance Cye appears in the dominant pole, a large cur-
rent might degrade the PM noise since Cp. depends on
the dc collector current. An increase in the current will
then cause a decrease in the pole frequency (increase in
the phase shift). In addition, current fluctuations will be
up-converted to PM noise through Ch..

We must also consider thermal noise, shot noise, and
heat dissipation in the transistor when designing the am-
plifier.

IV. MEASUREMENT SYSTEMS

The low noise levels of our amplifiers required the use
of two-channel cross-correlation measurement systems [6],
[7]. The PM noise was measured using the system shown
in Fig. 2. This setup has two similar phase noise detec-
tors that are fed into a two-channel cross-correlation fast
Fourier transform (FFT) signal analyzer. The phase shifter
in each detector is adjusted so that the input signals to
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the mixer are in quadrature. The power spectral density
(PSD) of the output voltage of channels 1 and 2 includes
PM noise of the test amplifier, noise due to the components
in the channel (mixer, amplifier, and FFT analyzer), and
a fraction of the AM noise in the source that was “con-
verted” to PM noise in the mixer (see (9) and (10)). The
AM to PM conversion factor in a double balance mixer
is between —15 dB and —25 dB. The cross-correlation of
channels 1 and 2 includes the PM noise in the amplifier
and the converted AM noise from the source as shown in
(11). The uncorrelated noise (from the independent chan-
nels) is averaged away as N~1/2) where N is the number
of averages.

PSD(an) = PMamp + NOISEchannel 1+ ﬁaAMsourcm
(9)
PSD(VTLQ) = PMamp + NOISEchanneI 2+ /BaAMsource>
(10)
NOISEchannels 1,2
PSD(an X Vnz) ZPMamp—l- \/% <=
+ BaAMsource- (11)

In our case the noise floor of the system was limited by
the AM noise of the source. At a carrier frequency of 5
MHz, the noise floor was £(10 Hz)goor = —170 dBc/Hz.
At a carrier frequency of 100 MHz, the noise floor was
L(10 Hz)foor =2 —162 dBc/Hz.

The AM noise was measured using the system shown in
Fig. 3. In this system a low noise source drives the amplifier
under test. After the amplifier, the power is split and each
leg is fed into an AM detector. The AM detector consists
of a power splitter, a phase shifter, and a mixer. The phase
shifter is adjusted so that the two inputs to the mixer are in
phase. The PSD of the output voltage of channels 1 and
2 includes AM noise from the source and the amplifier,
and noise from the channel. The cross-correlation of the
voltages of channels 1 and 2 includes only AM noise from
the source and the amplifier since the uncorrelated noise
(from the individual channels) is averaged away as N~ /2
(see (12)—(14)). Since in many cases the noise of the source
was larger than the amplifier noise, a limiter was used to
reduce its AM noise. The approximate noise floor achieved
with this setup was 1/25,(10 Hz)goor = —162 dBc/Hz for
a carrier frequency of 5 MHz.

PSD(an) - AMamp + AMsource + NOISEChannel 1
(12)
PSD(VTLZ) - AMamp + AMsource + NOISEchannel 2
(13)
PS-D( n1 X Vn2) AMamp + AMsource
NOISEchannels 1,2 ) (14)

VN
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Fig. 3. AM noise measurement system for amplifiers.

V. EXPERIMENTAL RESULTS ON
AMPLIFIER FLICKER NOISE

This section shows experimental noise results on dif-
ferent amplifier designs and configurations. Measurements
were done on amplifiers at 5 MHZ and 100 MHz carrier
frequencies.

The first design considered was a 5 MHz CE amplifier.
To emphasize the importance of the biasing scheme and
the components used in the amplifier, we started with a
poor design for flicker noise. Fig. 4 shows the initial CE
design. In this amplifier the d¢ current is 6 mA and the
collector-base voltage is 2.8 V. No filtering of power sup-
ply noise is included. The large collector resistor combined
with the small unbypassed emitter resistance (5 Q) result
in a high rf gain of 22 dB. The dc gain is approximately
0 dB. The 4:1 transformer at the output is used to reduce
the output impedance of the amplifier. The first column
of Table I shows some parameters for the transistor used
(2N2222A).

The AM and PM noise results for this CE amplifier are
shown in Fig. 5. The thermal noise level is approximately
—154 dBc/Hz. The reason for such a high level was the
low output power level (2 dBm) needed to avoid compres-
sion. (Due to the small Vop (collector-base de voltage)
and the small dc current, the output power of the ampli-
fier started to compress at 2 dBm.) The flicker noise level is
similar for AM and PM noise; at 2 Hz it is approximately
—138 dBc/Hz.
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TABLE I
PARAMETERS FOR TRANSISTORS USED IN THE 5 MHz CE AMPLIFIERS.

Transistor in CE #1

(2N2222A) Transistor in CE #2
fr 300 MHz 8 GHz
Che 25 pF 1.6 pF
CoelVop =9 V] 8pF 0.65 pF
F < 4db 1.5 dB
input current
noise 10 Hz —210 dBA ;s /Hz ~178 dBArms/Hz
(Ig = 18 mA)
(measured)
+18 VI
+14.5V 22 uF — N
| 4 0.1 uEL
0.1 uF| 333 20K
v 43K 3 100
21K l?l)uF 1 K3 680 uH 94 uF;
6.2K ? I
22 uF | 0.1uF Output
) 200 . '
0.1uF Output v VYW
& 0.1 uF} 2 Ta:1
Q1 v 43K
T4:1 0.1uF3 >
51K ’ =
0.1 uF 0.1 uF
K Input 2K (_1
51K . 140
('ﬁIUF lO_I)IE. 0.1 uF
2K (—l
1K 130
51K

Fig. 6. Circuit diagram for CE amplifier #2.
Fig. 4. Circuit diagram of CE amplifier #1.

A separate CE amplifier was designed and built accord-

-120 —— ing to the guidelines discussed earlier. The circuit diagram
— PM noise of this CE amplifier is shown in Fig. 6. The dc collector
O AM noise current is 23 mA and Vop = 9 V. Several filters for the
supply noise were added, including a Darlington pair con-

| figuration at the output of the power supply, and several
; i RC filters at the base bias resistive chain. In addition, a
\_% / JJJ 1 transistor with very small input and output capacitances

A o was used (see Table I, column 2 for transistor parameters).
A large inductor at the collector was added in parallel to

160 | the 1 kf) resistor. This achieves a low dc gain and does not
1 10 100 1000 affect the gain at the rf frequency of operation (5 MHz)
Fourier frequency (Hz) due to the inductor’s large impedance at that frequency.

We expect a gain similar to the gain of the CE amplifier

Fig. 5. AM and PM noise for CE amplifier #1. #1 since R, Rp (unbypassed emitter resistor), and the
output transformer are the same. The resulting rf gain is

-150

AM and PM noise [dBc / Hz]
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— 47 0F S5
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24.7 dB, somewhat higher than the gain of the CE ampli- ! +—i
fler #1, primarily due to the larger dc current. Input 3 2K
Fig. 7 shows the AM and PM noise results for the CE 900
amplifier #2. The thermal level can be calculated using — 47 nF
(15): 47nF |
22K 130
1 1 ETFQE
[:(f)thermal - —Sq&(f)thermal = _Sa(f)thermal - .
2 2 2R, (15)

For this amplifier G = 24.7 dB, F; = 13 dBm , so
the thermal noise for a F' = 0 dB is 1/25.(f)thermal =
L(ftherma = —1771dBm + 24.7dB — 13dBm =
—165.4 dBc/Hz.

From the PM noise trace, the thermal level is approx-
imately —162 dBc/Hz; therefore the noise figure of the
amplifier is 3 dB. At 10 Hz from the carrier, the PM noise
level is £(10 Hz) = —161 dBc/Hz, only 1 dB above ther-
mal. At 2 Hz from the carrier, the PM level is approx-
imately £(2 Hz) = —159 dBc¢/Hz. This number includes
both flicker and thermal noise; the flicker level can be cal-
culated by subtracting the thermal noise:

Laicker(2 Hz) 2 1010g(10715% — 1071%2) = —162 dBc/Hz.
(16)

The AM level at 10 Hz from the carrier is about
(1/2)5,(10 Hz) =2 —158 dBc/Hz. This value is limited by
the noise floor of the measurement system (—162 dBc/Hz)
and the thermal noise level (—162 dBc/Hz). The actual
flicker level can be calculated by:

(1/2) S0 ficker (10 Hz) = 101og (107158 — 107162 — 10716-2)
—165 dBc/Hz. (17)

Il

Comparing results for the two different CE amplifiers,
we see that at 2 Hz from the carrier, the PM noise was
reduced by approximately 20 dB, and the AM was reduced
by about 15 dB. These numbers include the contributions
of the thermal noise and the measurement system noise;
thus, the actual reduction of 1/f noise is probably larger.

A similar CE amplifier design was tried at a carrier
frequency of 100 MHz (Fig. 8). This amplifier has a dc

Fig. 8. Circuit diagram for a low noise 100 MHz CE amplifier.
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Fig. 9. PM noise for a CE amplifier at 100 MHz.

current of 19 mA, a large collector-base voltage (9 V), a
small dc gain (less than 0.05), and an ac gain of 18.5 dB.
As in the 5 MHz CE amplifier #2, a high fr transistor is
used (Table I, column 2); in addition, a Darlington pair
voltage regulator and RC filters are used to reduce noise
voltage from the supply.

Fig. 9 shows the measured PM noise for the 100 MHz
CE amplifier just discussed. At Fourier frequencies above
100 Hz the PM noise is dominated by the thermal noise
(—166 dBc/Hz). This agrees with the theoretical value cal-
culated from (15) for a gain of 18.5 dB, Py = 11.5 dBm,
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Fig. 10. A 5 MHz CC amplifier.

and F' = 4 dB:

L(f)thermal = —177.1 dBm + 18.5 dB — 11.5 dBm + 4 dB
= —166.1 dBc/Hz. (18)

This calculated thermal noise is shown in the graph as
a dotted line. At Fourier frequencies below 20 Hz the
PM noise is limited by the measurement system noise. At
10 Hz, the measured PM noise is —162 dBc¢/Hz, and at
2 Hz the noise is —154 dBc/Hz. These numbers are very
close to the measurement system noise floor.

Another BJT configuration studied was the common
collector (CC) amplifier. Fig. 10 illustrates the circuit dia-
gram of the 5 MHz CC amplifier tested. In this CC ampli-
fier Vop = 8.5 V, and the dc collector current is 24 mA.
Parameters for the transistor used are shown in column 1
of Table 1. Due to its small rf gain (—1.5 dB) and small
phase shift, we expect (from theory) both the AM and PM
noise of this amplifier to have very low levels. Fig. 11 shows
a plot of the measured PM and AM noise. As expected, the
levels are very low; at 10 Hz from the carrier £(10 Hz) =
—169 dBec/Hz and 1/25,(10 Hz) = —162 dBc/Hz. These
values are approximately equal to the measurement system
noise floor.

Due to its excellent noise characteristics, this stage can
be used as a buffer stage either at the input or output of
multiple stage amplifiers. One benefit of adding this stage
at the input of a CE amplifier is that it would decrease the
input impedance to the CE stage, reducing the total phase
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Fig. 11. AM and PM noise for a CC amplifier at 5 MHz.

shift of the CE. As discussed earlier, this should improve
the PM noise of the CE stage.

Another amplifier to be discussed is the 5 MHz distri-
bution amplifier described in [8]. This amplifier, shown in
Fig. 12, consists of three common base stages that provide
a high isolation between the input and output ports. The
dc current through the collectors is approximately 28 mA
and the rf gain of a single channel is approximately 7 dB.
The details of the design are discussed in [8] and will not
be repeated here. Additional filtering of the power supply
noise was included to further reduce the already low PM
noise of this amplifier.

PM and AM noise results for this amplifier are shown
in Fig. 13. Trace 1 (in Fig. 13) shows the measured PM
noise for this amplifier. Notice that this trace is close
to the noise floor of the measurement system (trace 2).
Trace 3 was obtained by subtracting the noise floor of
the measurement system from the measured PM noise
and includes only the PM noise of the amplifier. The PM
noise level at a Fourier frequency of 10 Hz is approxi-
mately £(10 Hz) = —168 dBc/Hz and the thermal noise
L(f)thermat = —171 dBe/Hz. The AM noise seems to be
limited by the noise floor of the AM measurement system.
At 10 Hz from the carrier 1/25,(10 Hz) = —160 dBc/Hz,
compared to the noise floor level of —162 dBc/Hz.

VI. CONCLUSION

We have developed guidelines for designing CE ampli-
fiers with high gain and low 1/f AM and PM noise. These
guidelines minimize the up-conversion of baseband voltage
noise, current noise, and impedance noise to noise about
the carrier. According to the theory, the larger the gain
and the phase shift of an amplifier, the higher the levels
of AM and PM noise. This was found to be true experi-
mentally. CE amplifiers, which have the potential for high
gains and large phase shifts, had the highest noise, but, by
following the design criteria, we were able to reduce their
1/f noise considerably with only a modest reduction in the
gain. Our 5 MHz CE amplifier, with a 25 dB gain, had
AM and PM noise less than —160 dBc¢/Hz at 10 Hz from.
the carrier. We also had a 100 MHz CE amplifier (18.5 dB
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Fig. 12. A 5 MHz isolation amplifier.

gain) with PM noise of £(10 Hz) < —162 dBc/Hz. AM
and PM noise in CC and CB configurations was also stud-
ied. Due to their small phase shift and small gain, these
stages have very low 1/f AM and PM noise. OQur 5 MHz
CC amplifier had noise levels similar to the noise floor
of the measurement systems [£(10 Hz) < —169 dBc/Hz,
1/25,(10 Hz) < —162 dBc/Hz]. In addition, our 5 MHz
distribution amplifier (composed of 3 CB stages) had noise
levels of £(10 Hz) < —168 dBc¢/Hz, and 1/25,(10 Hz) <
—160 dBc/Hz.
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